Direct duty-ratio PWM schemes for continuous fault tolerant operation of matrix converter-fed motor drives are presented. The proposed method features simple modular modulation structure based on per output phase concept, which requires no additional modification on the normal modulation schemes for fault-tolerant applications. Realizations of fault-tolerant strategy applied to different system configurations are also treated to enhance the system flexibility. The proposed method can be effectively applied to treat the motor open phase fault and converter switching device failure. Simulation and experimental results show the feasibility and validation of the proposed strategies.
I. INTRODUCTION
Developments in modern power electronics technology significantly stimulate the industrial application of adjustable speed drives (ASDs). With the increasing requests for more stable and reliable solution of ASDs in industrial application, continuous fault-tolerant operation of ASDs are more and more studied and investigated. Nowadays, ASDs with the configuration of AC/DC/AC back-to-back converters are still popularly used in practical application. Fault-tolerant modulation schemes based on the AC/DC/AC back-to-back converters have been well treated. Early works have been reviewed in [1] and [2] to present the analysis, modeling and simulation of various inverter and machine faults. Then, a twophase operation mode was proposed in [3] by connecting the motor stator winding neutral point to the dc voltage source. In [4] , when a converter leg is lost, an utilization topology with a fourth converter leg connecting to machine neutral permits the fault-tolerant operation of a three-phase induction motor drive. In [5] and [6] , the authors make very good comparison of different fault-tolerant strategies in order to perform comparison of the features, implementation costs and performance limitations.
Meanwhile, there have also been increasing interests to scheme under faulted condition. These methods are also lack of generality and can't be simply applied to different system configurations. This paper proposes a direct duty-ratio pulse width modulation (DDPWM) method [17] , [18] to implement the faulttolerant strategy for a three-phase matrix converter-fed motor drive. The DDPWM method features modular modulation structure for each output phase. Thus, nothing in the modulation strategy needs to be modified when the matrix converter transfers to fault operation, only the converter output commands have to be properly given. Therefore, the DDPWM can be very effectively and simply applied to realize the faulttolerant control algorithm.
With help of DDPWM modulation technique, different system re-configuration under fault case will be investigated. At first, the configuration of additional connection between output and input neutral will be dealt with. Then the solution by adding a redundancy leg will be treated under both converter failure and motor winding failure. Simulation and experimental results are provided to show the validity and feasibility of the proposed method.
This paper is organized as follows. The basis of DDPWM method will be revised in Section II. Section III to V will present three different fault-tolerance system configurations of matrix converter, with simulation results. Then experimental results will be provided in Section VI. Finally, some conclusions are given in Section VII.
II. REVIEW OF DDPWM METHOD
The authors proposed DDPWM modulation method in [17] , [18] . Fig. 1 shows the circuit configuration with the threephase input voltages, input filter, a three-phase matrix converter and an inductive load. This is the normal configuration of the three-phase to three-phase AC-AC matrix converter. By properly switching the 3 by 3 bidirectional switches on and off, desired output with variable magnitude and variable frequency can be generated at the output terminals, where i oA , i oB , i oC and v oA , v oB , v oC are output currents and output voltages under normal operation.
A switching period T s is divided into two time periods, T 1 and T 2 . Also, MX, MD and MN denote the maximum, medium and minimum input voltage values, respectively. During T 1 , the line-to-line voltage between MX and MN, which is the maximum line-to-line voltage among three line-to-line input voltages at the sampling instant, is used. During T 2 , the second maximum line to line voltage, which is the larger one in MX to MD and MD to MN, is used. If MX-MD > MD-MN, MX to MD is used during T 2 and the resultant switching pattern is named switching pattern-I. Otherwise, MD to MN is used during T 2 , namely switching pattern-II.
Switching pattern-I: Fig. 2 shows switching pattern-I for generating A-phase output voltage where a triangular carrier is compared with a duty ratio value, d A1 , resulting in output phase voltage changed like MN→MX→MD. As seen in Fig.  2 , MN, MX, MX and MD appear at A-phase output terminal during T A1 , T A2 , T A3 and T A4 respectively. The four subintervals can be expressed as
where d A1 is the A-phase duty ratio value when switching pattern-I is applied and n is defined by n =T 1 /T s which involves the slope of the carrier.
Supposing that the input voltages are almost constant during switching cycles, the integration of output voltage v oA over T s can be written to be
Then, it is found from (1) and (2) that the averaged value of v oA ,v oA , can be approximated bȳ Switching pattern-II: In the same way, switching pattern-II can be analyzed. Fig. 3 shows the switching pattern-II for generating A-phase output voltage where a triangular carrier is compared with a duty ratio value, d A2 . The time intervals such as T A1 , T A2 , T A3 and T A4 are the same as in equation (1) and the output phase voltage is changed with the sequence of MN→MX→MD→MN. In this case, the averaged value of v oA ,v oA , can be approximated bȳ
(5) Again, by lettingv oA be equal to the A-phase output voltage command, v * oA , the duty ratio value, d A2 , can be obtained as
In summary, the duty ratio value d A for A-phase at each switching cycle is determined by (7) . The other two output phases can be treated in exactly the same way.
Due to the per-phase modular structure, the DDPWM method has good applicability and flexibility. Therefore, this method can be easily applied to various fault-tolerant strategies. Only task for the fault-tolerant controller will be to properly assign the output commands under fault condition. Then without any changes in modulation method itself, the DDPWM is able to modulate desired output variables. This attractive feature greatly increases the system flexibility and generality. Large part of the works in [12] - [16] are focusing on developing new modulation strategies for the fault condition. Such solutions not only increase system complexity by assigning controller much more works, but also are lack of generality, which means new modulation schemes have to be found once the system configuration is changed.
III. RE-CONFIGURATION WITH NEUTRAL CONNECTION

A. Reconfigurable Structure with Neutral Connection
The system configuration in Fig. 1 can be modified to cope with fault situations as shown in Fig. 4 . In Fig. 4 , an additional connection is provided between the load neutral point and input voltage neutral by help of T R . T R should be active switch and capable of allowing bi-directional current flow, thus can be type of a TRIAC or a pair of commercial IGBT module. Under normal operation, T R is off and the matrix converter will control the output voltage/current to drive the load [12] .
This configuration will allow fault-tolerant operation when the system has an internal fault which means fault open at one of the matrix converter switches, or an external fault which means fault of motor open winding. Under such fault condition, the 3 bidirectional switches at the faulted phase will be forced off, leading to a single-phase open circuit at the faulted phase. Then other two healthy phases should be operating in such a way that the matrix converter can maintain the rotating flux in the motor load. Meanwhile, T R will be turned on to conduct unbalanced load current to the input source neutral.
The modulation target under fault case will be to maintain the rotating flux by the two un-faulted phases. This is done by regulating these two phase currents with the magnitude increased by a factor of √ 3 and the phase shifted by 30? away from the axis of the faulted phase [4] - [6] . The principle can be illustrated by Fig. 5 . Fig. 5(a) shows the system configuration when a C-phase fault happens. C-phase connected parts inside the converter and C-phase winding of the load will be isolated. At the same time, T R will be on. After the event of fault condition detection, the control task is shown in Fig. 5(b) and Fig. 5(c) by the phasor diagram. Letting i oA f , i oB f and v oA f , v oB f are the vectors under fault operation, and ϕ is the angular difference between output current and voltage. Clearly, it can be obtained that in case of C-phase fault, the output voltage commands in normal operation and fault operation will be (8) and (9), respectively. 
where the superscript symbol ' * ' indicates that the variables are given as commands. It can be directly figured out from the re-configuration in Fig. 4 that such system will require the possible access to the neutral points of the load and input voltage source. Otherwise, the additional neutral connection will not be possible. Such features put additional limitations on the system. For example, this solution will not fit for a delta winding motor, or a star winding motor without external access to the neutral point, or a delta connected transformer at the input side.
This configuration also limits the voltage transfer ratio q, which is defined as output voltage magnitude over input voltage magnitude. Under faulted case, the output neutral will be clamped to input neutral, making the normal harmonic injection modulation technique [9] for matrix converter unavailable. Then q will be limited to be 0.5. Considering that the magnitude of the un-faulted phase should be enlarged by √ 3 under fault operation, then q for normal operation will be 0.5 √ 3, which will become a dramatic shortcoming of this solution. On the contrast, the reconfiguration in Fig. 4 is very simple and only requires one additional connecting device T R , making this solution economically competitive. 
B. Simulation Results
By the parameters listed in Table I , the output voltage references under normal operation and fault condition can be easily found to be
The simulation results are shown in Fig. 6 . Fig. 6 shows the output line-to-line voltage v oAB , A-, B-, C-phase output currents i oA , i oB , i oC , and neutral connecting current i n . Output voltage references are also given in Fig. 6 . It can be seen from the simulation results that as soon as the flag signal triggers fault-tolerant operating mode, the output A-and B-phase are well modulated with the scheme shown in Fig. 5(b) .
The output C-phase is open immediately and neutral connection starts to conduct the unbalance load currents. Therefore, it can be said that the proposed DDPWM method is able to well synthesize the output voltages under both normal operation and fault-tolerant operation.
IV. RE-CONFIGURATION AT CONVERTER OUTPUT TERMINALS
A. Reconfigurable structure with neutral connection at converter output terminal
The system re-configuration with neutral connection of input source can also be done in the way shown in Fig. 7 . The system configuration requires three additional connecting devices between the converter output terminal and input voltage neutral, T RA , T RB and T RC [13] . With help of these three auxiliary connecting devices, any of the three output phase can be connected to the input voltage neutral. In case that an open switch fault at the converter happens, all the switches tied to the faulted phase will be open and the corresponding connecting device T R at that phase will be turned on to bypass the load current through the connection to input neutral.
An example is also given in Fig. 8 in the case of C-phase failure. With the case in Fig. 8 , load terminal C is directly connected to input neutral, causing the terminal voltage clamped to zero. The voltage difference between normal operation and fault-tolerant operation will be -V * oc . Then by reflecting this -V * oc to the other healthy phases, the three-phase load current will be maintained. Output A-and B-phase voltage references can be calculated to be
Eq. (12) shows the same effect as in Fig. 5 (b) to regulate these two phase voltages with the magnitude increased by a factor of √ 3 and the phase shifted by 30? away from the axis of the faulted phase.
The system reconfiguration with additional neutral connection at converter output terminal can be compared with the solution by connecting the output and input neutrals. It can be directly figured out that there will be no need to access to the load neutral point, thus increasing the system adaptiveness. Meanwhile, the available voltage transfer ratio q can't be enlarged compared with the solution to connect the output and input neutrals. This is because the C-phase load terminal is equal to input neutral voltage. If introducing an offset voltage to the output neutral, this voltage is not cancelled between Aand C-phase, neither is the case between B-and C-phase. As a result, the induced offset voltage will cause distortion to the load currents. The shortcomings of the re-configuring method described in this section will be requirement of more auxiliary connecting devices and access of input neutral point. Moreover, this method will not be suitable to deal with the open circuit fault from the load.
B. Simulation Results
A simulation by PSCAD/EMTDC of the reconfigured matrix converter in Fig. 8 is performed. The switching period T s is 100 µs, and other simulation parameters are shown in Table  II .
The output voltage references under normal operation and fault condition in (8) and (12) can be found to be
The simulation results are shown in Fig. 9 . Fig. 9 shows the output line-to-line voltage v oAB , A-, B-, C-phase output currents i oA , i oB , i oC . Output voltage references are also given in the figure. It can be seen from the simulation results that as soon as the flag signal triggers fault-tolerant operating mode, the output A-and B-phase are well modulated to maintain the three-phase balance load currents.
V. RE-CONFIGURATION WITH AN ABUNDANCE LEG
A. Reconfigurable structure with an abundance leg to output neutral Both the system re-configurations with neutral connection of input source clearly imply the restrain on connectivity of neutral point of the input source. In order to overcome this problem, the system re-configuration in Fig. 10 shows the solution with an abundance output leg. In case of an open switch fault happening inside the converter or an open winding fault occurring internal the load, the load neutral point can be connected to the fourth abundance leg to allow unbalanced current.
Compared with the configuration shown in Fig. 4 , the reconfiguration in Fig. 10 also requires one auxiliary connecting device T R . However, the abundance leg will cost another 3 bidirectional switches, making this solution relatively expensive. The advantages of the solution of Fig. 10 will be that load can be separated from source voltages without any direct neural connection even under fault-tolerant operation. As a result, there will be no need for the system to access input neutral point, making this system more flexible. Another important advantage of the configuration of an additional leg will be enlarged voltage conversion ratio by √ 3. This is because voltage potential of the load neutral point can be controlled by the converter. Then the method of introducing an offset voltage can be applied.
Determination of an inserted offset voltage to the output neutral has been well investigated in [9] , [17] - [18] . The output voltage reference equation sets of (8) and (9) can be determined as (15) and (16), respectively.
where v o f f stands for the offset voltage and is expressed as
Fault-tolerance structure under C-phase open circuit is illustrated in Fig. 11 . It can be directly found out that the converter system will change from the normal three-phase to threephase configuration into a three-phase to two-phase threeleg topology. The control methodology will be the same as illustrated in Fig. 5(b) . The two healthy phases are modulating voltages as determined by (16) . Then the additional leg will conduct unbalanced load current. DDPWM is able to control such a two-phase three-leg matrix converter very effectively [18] .
B. Simulation Results
Simulation results obtained by PSCAD/EMTDC for the reconfigured matrix converter in Fig. 11 are given in Fig.  12 . The simulation parameters are shown in Table III . The simulation results in Fig. 12 show that the DDPWM method can effectively control the matrix converter of Fig. 11 in fault-tolerant operation with maximum voltage transfer ratio of 0.866.
VI. EXPERIMENTAL WORKS A. Experimental Setup
To verify the feasibility of the proposed fault-tolerant methods, an experimental setup was built and the DDPWM controller was implemented by using TMS320VC33 DSP from Texas Instruments and Altera CPLD of EP1K100QC208-1. The matrix converter parameters are given in Table IV . The experimental configuration is shown in Fig. 13 . As seen in Fig. 13 , two out of three input line-to-line voltages v sab and v sbc are sensed in order to calculate three input phase voltages v sa , v sb and v sc . Sampled values of v sa , v sb and v sc are then used to implement the required calculation. Fig. 15 shows the experimental result of the system reconfiguration illustrated in Section 3 (Fig. 6) . The experimental conditions are made to be the same with Section 3B. In the same way, Fig. 16 gives the waveforms of the system reconfiguration illustrated in Section 4 ( Fig. 8) under condition of Section 4B; Fig. 17 are the waveforms for the system reconfiguration described in Section 5 ( Fig. 10) under condition of Section 5B.
B. Experimental Results
The experimental results in Fig. 15 to Fig. 17 show very good accordance with the simulation results. They verify the correct and efficient operation of the proposed DDPWM based fault-tolerant modulation strategy in practical way. It can be seen that under different system reconfiguration, the fault current flows through the provided path to achieve more reliable and stable operation for matrix converter-fed drives. It is found that, in actual experimental waveforms, there is a time delay between fault occurrence and starting conduction in T R switch, which is not observed in simulation. This is because practical currents cannot be changed immediately due to large inductance at the output terminals even though the output command of fault conditions is activated.
Input phase locked loop (PLL) is also incorporated into DSP to obtain input voltage angle α i and to determine the proper switching pattern. Three input phase currents i sa , i sb , i sc are sensed only for protection purpose. Three output phase currents i oA , i oB and i oC are sensed for both control and protection purpose. A picture of the experimental setup is also shown in Fig. 14.
VII. CONCLUSIONS
This paper applies the DDPWM methodology to faulttolerant operation for the matrix converter-fed motor drives. By system re-constructed with additional connecting devices T R or an abundance leg, totally three fault-tolerant configurations are investigated. Thanks to the per-phase modular characteristics of the DDPWM, the DDPWM scheme is able to modulate desired output variables for both normal operation and faulttolerant operation, without any changes in modulation method itself. Therefore, control system complexity is greatly reduced and modulating task can be easily and effectively performed. A comparison for various kinds of fault-tolerant system reconfigurations has also been performed on cost and voltage conversion ratio. The feasibility and validity of the DDPWM operation in different system re-configurations have been verified through simulation and experimental results. 
